Abstract Two bacteriophages, ϕA38 and ϕA41, infecting Pectobacterium parmentieri strain SCC 3193 (former Pectobacterium wasabiae strain SCC 3193) were isolated from arable soil samples collected in different regions of Poland. ϕA38 and ϕA41 have a typical morphology of the members of the family Podoviride and order Caudovirales, with a head diameter of ca. 60 nm and tail length of ca. 20 nm. Phages ϕA38 and ϕA41 exhibited a similar RFLP pattern with Csp6I restriction endonuclease. They were stable in a range of pHs, temperatures and osmolarities but were rapidly inactivated by UV light. During the first 20 min., 74 and 69% of ϕA38 and ϕA41 phages, respectively, were adsorbed to SCC 3193 cells. In one-step growth experiments, ϕA38 and ϕA41 showed latent period of ca. 20-30 min and burst size of 102 and 141 phages, respectively. The optimal multiplicity of infection (MOI) was calculated to be 0.01 for both bacteriophages. In the host range experiments, both phages were able to infect six from 21 of the tested P. parmentieri isolates but the phages were unable to infect other members of the Pectobacterium spp. or Dickeya spp. In the proof-of-concept experiments, ϕA38 and ϕA41 were able to inhibit the growth of P. parmentieri strain SCC 3193 and to protect potato tuber tissue maceration caused by the bacterium. The potential use of ϕA38 and ϕA41 bacteriophages for the biocontrol of P. parmentieri in potato is discussed.
). In the following years, P. wasabiae was isolated from symptomatic potato plants in different countries worldwide including Canada, New Zeeland, Iran, South Africa, Zimbabwe, Finland, France, Germany, Poland, the Netherlands, Serbia, Scotland and USA (Khayi et al. 2016) . Likewise, a number of isolates classified previously as P. carotovorum were re-classified as P. wasabiae due to the advances in development of genomebased taxonomical methods. The results of these phylogenomic studies indicated that P. wasabiae was present in association with potato in Europe already for a long time and it is not an invasive Pectobacterium spp. recently introduced to Europe from outside (Khayi et al. 2016) . Lately, it has been proposed to phylogenetically separate P. wasabiae strains isolated from potato and other hosts and collected in USA, Europe and Canada from strains infecting horseradish in Asia (Yuan et al. 2014; Pritchard et al. 2016) . What is more, last year Khayi and co-workers (Khayi et al. 2016 ) reclassified potato-associated P. wasabiae strains to a new taxon named P. parmentieri (Khayi et al. 2016 ) -a distinct cluster from the one grouping P. wasabiae strains isolated from horseradish plants. In the last six years, potato-associated Pwa (now P. parmentieri) has continued to be an important causative agent of potato blackleg and soft rot in Europe leading to economically-important and increasing losses (van der Wolf et al. 2017) .
Like in case of other soft rot Enterobacteriaceae, efficient control of Ppa with the use of traditional chemical and physical agents has not been achieved yet (Czajkowski et al. 2011) . Similarly, there are no soft rot Enterobacteriaceae-immune potato cultivars available (Lapwood and Read 1986; Lapwood and Harris 1982) and it is doubtful whether such cultivars would appear on the market in the nearest future (Davidsson et al. 2013) . Consequently, only hygienic practices, including but not limited to the use of certified seed material, avoidance of pathogen introduction in clean seed tubers and soil drainage to decrease oxygen depletion and water film on tubers planted in soil, can minimize the possibility of infection and spread of the pathogen in potato. These measures are, however, insufficient to eradicate blackleg and soft rot in potato entirely (van der Wolf and de Boer 2007; Czajkowski et al. 2011 ).
Bacteriophages (phages) are viruses able to infect and kill bacterial hosts (Duckworth and Gulig 2002) . They are ubiquitous in all environments containing bacteria and have been found in soil, sewage, in and on animals and on plants (Abedon 2008; Gill and Abedon 2003) . Bacteriophages have been proposed as potential biological control agents against plant pathogenic bacteria and consequently, they have been evaluated against different pathogens including Erwinia amylovora, Xanthomonas pruni, Pseudomonas tolaasii, Streptomyces scabies and Ralstonia solanacearum on different host plants (Jones et al. , 2012 .
Similarly, p hages were tested to control Pectobacterium spp. and Dickeya spp. but only limited attempts have been made to characterize these lytic bacteriophages in detail (Czajkowski et al. 2014 (Czajkowski et al. , 2015 Adriaenssens et al. 2012) . For example, no phages acting against Ppa have been reported in literature so far (Czajkowski 2016) . The purpose of this study was to isolate and characterize novel lytic bacteriophages specific to P. parmentieri with the main idea to evaluate their interaction with bacterial host as well as phage potential as biological control agents.
Materials and methods

Bacterial strains and media
All bacterial strains used in this study are listed in Table 1 . For routine tests and maintenance, bacteria were grown at 28°C for 24-48 h on tryptone soya agar (TSA, Oxoid) prior to use. For liquid preparations, bacterial cultures were grown in tryptone soya broth (TSB, Oxoid) with agitation 200 rpm at 28°C. For long-term preservation, bacterial cultures were kept in sterile 40% (v/v) glycerol at −80°C.
Isolation of bacteriophages from environmental samples
Bulk soil and rhizosphere soil samples were collected between April and September 2013 in different arable regions in Poland. To isolate bacteriophages from the environmental samples we used protocol described previously (Czajkowski et al. 2014) . Hinton et al. 1989 Enrichment of bacteriophages in their host bacteria and purification of individual phage particles Pectobacterium parmentieri strain SCC 3193 (Pirhonen et al. 1988; Khayi et al. 2016 ) was used to enrich lytic bacteriophages from soil as previously described (Twest and Kropinski 2009) . For this 1 ml of filter-sterilized soil extract was added to 9 ml of SCC 3193 bacterial culture grown in TSB, containing ca. 10 8 colony forming units (cfu) ml −1 and incubated at 28°C for 24 h with shaking (200 rpm). After incubation, bacteria were removed by centrifugation (8000×g, 5 min) and supernatants were filter-sterilized with 0.22 μm filters (sterile active cellulose syringe filters, VWR). Purification of individual phage particles was done using a soft top agar method as previously described (Bertani 1951 ).
Bacteriophage morphology under transmission electron microscopy
Microscopic analyses were performed in the Laboratory of Electron Microscopy, Faculty of Biology, University of Gdansk, Poland, using negative staining with uranyl acetate as described previously (Gasic et al. 2011; Czajkowski et al. 2014 ).
Determination of bacteriophages' host range
A host specificity assay was performed using 19 bacterial isolates of P. parmentieri collected from symptomatic potato plants and other crops in different years and countries, and on five reference/type strains of other soft rot Enterobacteriaceae viz. P. carotovorum subsp. carotovorum strain Ecc71, P. atrosepticum strain SCRI 1043, P. carotovorum subsp. brasiliense strain JJ56, Dickeya dadantii strain 3937 and D. solani strain IPO2222 as previously described (Czajkowski et al. 2014 ) ( Table 1) .
Effect of pH, temperature, chloroform, UV radiation and NaCl concentration on phage fitness under in vitro conditions Phages were characterized for features which can be important factors in biological control applications, where phages are expected to be applied on tubers during planting, in potato rhizosphere and/or haulms to protect the growing plants against Ppa. Accordingly, they were tested for stability at a range of different '+' -lysis of bacterial cells (plaque formation), '-'-lack of bacterial cells lysis (no plaque formation)
T -type strain pHs (pH 2 -pH 12), temperature (−20, 4, 28, 37, 42 and 85°C) and osmolarities (different NaCl final concentrations: 0.05, 0.5, and 5.0 M NaCl) which may occur in soil environment (Czajkowski et al. 2012) . Likewise, phages were tested for stability under UV light (Philips TUV G30 T8, UV dose 50 mJ cm 2 , 30 cm from the light source) to assess the possibility of leaf and stem applications in the field ) and for stability in solutions containing chloroform (20% final concentration), which may be important for the isolation, purification and large scale commercial preparations of bacteriophages as reported by others (Clokie and Kropinski 2009) . In each test, stability was assessed as the ratio of the bacteriophage particles which survived the experiment to the initial number of phages used. Each experiment was performed twice with the same setup and the results from both experiments were averaged. Effects of pH, temperature, chloroform, NaCl concentration and UV radiation were analyzed as previously described (Czajkowski et al. 2014 ).
Optimal multiplicity of infection (MOI)
Optimal multiplicity of infection was determined for phages ϕA38 and ϕA41. SCC 3193 culture in TSB (10 ml) was infected with phages at four different pfu/ cfu ratios (MOI): 0.01, 0.1, 1.0 and 10.0 (1 ml). After overnight incubation at 28°C with shaking (200 rpm), bacterial cultures were centrifuged (10,000×g, 10 min) and supernatants were assayed for phage presence as described above. The MOI resulting in the highest phage titer (the highest pfu ml −1 ) was considered as optimal. The experiment was independently repeated three times with the same setup and the results from all repetitions were averaged.
Effect of temperature on the optimal MOI In order to evaluate the effect of temperature on the bacteria-phage interaction, 100 μl of 10 5 cfu ml
P. parmentieri SCC 3193 suspensions were mixed with suspensions containing individual bacteriophage (ϕA38 or ϕA41) (10 3 pfu ml
) (MOI 0.01) in Ringer's buffer (Merck). Five ml of soft top agar (TSB supplemented with 7 g l −1 agar) was added to each mixture, poured on the surface of TSA plates and incubated at four temperatures (10, 15, 22 and 28°C) until plaques were formed. Phage titer (pfu ml ) was calculated for each bacteriophage and each treatment. Three independent repetitions per temperature and per phage (ϕA38 or ϕA41) were performed and the results were averaged per phage. The entire experiment was performed twice with the same setup.
Phage adsorption
To determine the speed of phage adsorption to Ppa cells, 1 ml of the log-phage SCC 3193 cells (ca. 10 8 cfu ml −1 ) was infected with phage suspension to reach MOI of 0.1 (ca. 10 7 pfu ml −1
) and incubated at 28°C for 20 min. After 0 (control), 1, 2, 5, 10 and 20 min., two individual samples per phage were collected and centrifuged at 10000×g for 5 min to pellet the bacteria together with the adsorbed phages. The resulting supernatants were sterilized with 0.22 μm syringe filter and assayed for free, non-adsorbed phages. The experiment was repeated independently three times with the same setup and the results were averaged. Phage adsorption was calculated as previously described (Czajkowski et al. 2014 ).
One-step growth
To determine the latent period and burst size for ϕA38 and ϕA41, a one-step growth experiment was conducted as previously described (Ellis and Delbrück 1939; Czajkowski et al. 2014 ) using P. parmentieri strain SCC 3193 as a host for both bacteriophages.
Purification of bacteriophage genomic DNA for restriction fragment length polymorphism (RFLP) Purification of phage DNA was performed using the Master Pure Complete DNA & RNA Purification Kit (Epicenter) following the manufacturer's protocol for isolation of total DNA/RNA from cell samples. After purification, phage genomic DNA was resuspended in 20 μl of sterile demineralized water and stored at 4°C for further use.
RFLP of phage genomes
Purified phage genomic DNA (ca. 150-400 ng μl ) was subjected to single-enzyme restriction analysis with Csp6I, NcoI, NdeI, BamHI, HindIII, KpnI, SalI, AluI, XbaI, EcoRI, KspAI, AluI and RsaI (all from Thermo Fisher Scientific) restriction endonucleases according to the protocol provided by the manufacturer. Briefly, phage genomic DNA (ca. 200 ng per reaction) was digested for up to 24 h with 2.5 U of a restriction endonuclease in a total volume of 10 μl. Digested DNA was electrophoresed in 2% agarose gels in 0.5 x TBE. For estimation of the size of DNA fragments, λ phage genomic DNA digested with HindIII and EcoRI (Thermo Fisher Scientific) was used. Agarose gels were stained with 5 mg ml −1 of GelRed (Biotum) for visualization of digested DNA as recommended by the manufacturer.
Host challenge assay and effect of bacteriophages on potato tuber tissue maceration caused by P. parmentieri SCC3193
Host challenge assay and the assay to verify the protective effect of bacteriophages on potato tuber maceration were performed as previously described (Czajkowski et al. 2014 ) using P. parmentieri SCC 3193 as a host for both phages. Both experiments were repeated independently one time with the same setup and the obtained results were averaged per assay.
Statistical analysis
Data were analyzed accordingly to the experimental design used. To achieve approximate normality, counts were log-transformed adding a value 1 to avoid taking logs of zero. Effects were considered to be significant at P = 0.05 and pair-wise differences were obtained using t-test. All analyses were performed with the statistical software package Statistica v. 10 (www.statsoft.com).
Results
Isolation of P. parmentieri lytic bacteriophages from environmental samples
Between April and September 2013, 164 environmental samples were collected from different regions in Poland and assayed for the presence of lytic bacteriophages infecting P. parmentieri strain SCC 3193. After enrichment of putative bacteriophages in SCC 3193 cultures, only two samples (both from arable soil collected in Pomorskie and Lubelskie provinces, respectively, 1.22% of all samples tested) yielded lytic bacteriophages able to infect and kill exclusively P. parmentieri SCC 3193 host. From each of the two positive samples one distinct plaque was isolated and further purified to obtain pure phage particles. The obtained phages were named ϕA38 and ϕA41. Enrichment of ϕA38 and ϕA41 in SCC 3193 resulted in phage suspensions with high titer averaging 10 9 -10 10 pfu ml
after an overnight incubation at 28°C. Both ϕA38 and ϕA41 formed clear plaques, ca 1.1-1.4 mm in diameter with sharp edges on lawns of P. parmentieri SCC 3193 after 24 h incubation at 28°C.
Transmission electron microscopy (TEM) and restriction fragment length polymorphism (RFLP) analyses of ϕA38 and ϕA41
Transmission electron microscopy analysis performed for ϕA38 and ϕA41 revealed that both phages belong to the order Caudovirales and family Podoviridae based on their morphology and presence of the non-enveloped icosahedral head (diameter ca. 60 nm) (n = 10 per phage) and no-contractile short tail (length ca. 20 nm) (n = 10 per phage) (Fig. 1) . Genomic DNA of phages ϕA38 and ϕA41 was insensitive for digestion with all restriction endonucleases tested, except Csp6I, for which genomic DNA obtained from phages ϕA38 and ϕA41 expressed the same restriction-nuclease patterns with all common DNA fragments in both phages (data not shown).
Host range of ϕA38 and ϕA41 phages Both ϕA38 and ϕA41 exhibited the same host range and were able to infect 6 from 21 P. parmentieri isolates tested. The susceptible Ppa strains originated from potato samples collected in Poland, Finland and USA. Neither ϕA38 nor ϕA41 were able to infect isolates belonging to species other than P. parmentieri (Table 1) .
Characterization of features involved in the stability and survival of ϕA38 or ϕA41 in the environment
Effect of pH
Stability of both phages followed the same trend. ϕA38 and ϕA41 were stable in neutral pH (pH 6.8-7.0) but their numbers were reduced both in acidic and basic pHs after incubation. A ca. 10-fold reduction of phage numbers were recorded in pH 2 and pH 12 but both ϕA38 and ϕA41 survived a 24 h incubation at each pH tested.
Effect of chloroform
Phages ϕA38 and ϕA41 were sensitive to chloroform treatment; 60 and 70% reduction of initial phage numbers were recorded for phages ϕA38 and ϕA41, respectively, after incubation in solution containing chloroform for 1 h at room temperature.
Effect of temperature
Stability of ϕA38 and ϕA41 under six different temperatures (−20, 4, 28, 37, 42 and 85°C) followed the same trend. Both bacteriophages were more stable at lower (−20 and 4°C) than at high temperatures (42 and 85°C). Both phages were able to survive at 85°C for 24 h, but incubation at this temperature resulted in at least 100-fold decrease in phage numbers.
Effect of NaCl concentrations
ϕA38 or ϕA41 were incubated for 24 h in solutions containing 0.05, 0.5 and 5.0 M NaCl or in solution without NaCl (control). No difference in phage survival between control (phages incubated without NaCl) and treatments containing NaCl was observed in both experiments.
Effect of UV radiation
ϕA38 or ϕA41 were unable to survive a 5 and 10 min exposition to UV light in repeated experiments. For both ϕA38 and ϕA41 bacteriophages, all phage particles were readily inactivated with a 5 min UV exposition.
Phage adsorption, optimal MOI and one-step growth Adsorption of phages ϕ A38 and ϕ A41 to P. parmentieri strain SCC 3193 in TSB at 28°C after first 20 min was 74 and 69%, respectively (Fig. 2a) . Optimal MOI was determined to be 0.01 for both bacteriophages (data not shown). The latent period (not including the first 20 min adsorption step) was 20-25 min for both phages. The estimated average burst size for ϕA38 and ϕA41 was 102 ± 7 and 141 ± 5 'progeny' phage particles per infected host cell, respectively (Fig. 2b) .
Effect of temperature on the optimal MOI
The rate of P. parmentieri SCC 3193 infection with phages ϕA38 and ϕA41 was tested at four different temperatures (10, 15, 22 and 28°C) using bacterial cultures of 10 5 cfu ml −1 and viral suspensions of 10 3 pfu ml −1 (effective MOI 0.01). The highest ϕA38 and ϕA41 infection incidence resulting in the highest number of Bprogeny^bacteriophages visualized as plaques on the lawn of SCC 3193 was observed at 22°C and 28°C, whereas at 10°C, seven and two-fold lower number of phage plaques in comparison with 22°C and 28°C was recorded for phages ϕA38 and ϕA41, respectively (data not shown). Fig. 1 Transmission electron micrographs of P. parmentieri SCC 3193 bacteriophages ϕA38 and ϕA41 stained with uranyl acetate. Before microscopic analyses, the bacteriophages were purified by passaging individual plaques four times using soft top agar method and SCC 3193 as a host. ϕA38 and ϕA41 suspensions containing ca. 10 16 pfu ml −1 in Ringer's buffer (Merck) were used for staining. Each photograph represents a typical bacteriophage particle. At least 10 different photographs were taken for each sample and preparation. Scale bar: 100 nm P. parmentieri challenge in vitro assay Initial challenge trials with P. parmentieri SCC 3193 and ϕA38 and ϕA41 bacteriophages were performed to evaluate the potential of isolated bacteriophages to act as antimicrobials against P. parmentieri. Within the first 2 h, the bacterial counts (calculated on the basis of OD 600 measurement: for Ppa OD 600 is equal Fig. 2 Adsorption curves of bacteriophages ϕA38 and ϕA41 to P. parmentieri SCC 3193 (a) and one-step growth curves of bacteriophages ϕA38 and ϕA41 (b). a For testing the speed of phage adsorption to the bacterial host cells, 1 ml of log-phase SCC 3193 cells, 10 8 colony-forming units ml
, was infected with a phage suspension to reach multiplicity of infection (MOI) 0.1 (ca. 10 7 plaque-forming units ml
) and incubated at 28°C. After incubation for 0 (control), 1, 2, 5, 10 and 20 min, two individual samples per phage were collected and centrifuged at 10000 x g for 5 min to pellet the bacteria together with the adsorbed bacteriophages. The resulting supernatants were filter sterilized with a 0.22 μm syringe filter and assayed for free, non-adsorbed phages. The experiment was repeated independently three times. b Two milliliters of exponential-growth cultures of SCC 3193 were harvested by centrifugation (10 min at 8000 x g) and resuspended in fresh tryptone soya broth (TSB) to an OD 600 of 0.5 (ca. 5 × 10 8 colony-forming units (cfu) ml −1
. A 2 ml aliquot of 5 × 10 8 cfu ml
was spiked with phage suspension (final concentration 10 7 plaqueforming units ml
; multiplicity of infection, MOI = 0.1). The phages were allowed to adsorb to bacterial cells for 20 min at 28°C. After this time, the suspension was diluted 10,000 times in TSB pre-warmed to 28°C then incubated at 28°C with shaking (ca. 200 rpm). Two samples of 100 μl were taken every 10 min over a period of 100 min for each phage. The number of viral particles was determined by soft top agar method. Phage plaques were counted after 24 h incubation at 28°C to 10 8 cfu ml −1 ) were similar in P. parmentieri cultures infected with bacteriophages and those uninfected with ϕA38 or ϕA41 (control). After this time, the growth of bacterial cells was heavily inhibited in co-cultures containing ϕA38 or ϕA41 phages, where the number of bacteria did not increase above 10 7 -10 8 cfu ml −1 during the first 12 h of incubation (Fig.   3a ). In the control experiment (uninfected with bacteriophages P. parmentieri cultures), the bacterial counts reached about 10 9 -10 10 cfu ml −1 after 12 h incubation (data not shown).
Suppression of soft rot development in potato slices co-inoculated with SCC3193 and ϕA38 or ϕA41 bacteriophages ϕA38 and ϕA41 were tested for their ability to reduce potato tuber tissue maceration caused by P. parmentieri SCC3193. In the replicated experiments, ϕA38 and ϕA41 bacteriophages were able to reduce potato tuber tissue maceration to at least 40-50% of that observed for the control potato slices inoculated with SCC 3193 only (Fig. 3b) . Fig. 3 Host challenge assay with P. parmentieri SCC 3193 (a) and protective effect of ϕA38 and ϕA41 bacteriophages on potato tuber tissue co-inoculated with bacteriophages and SCC 3193 (b). a ϕA38 and ϕA41 were analyzed for the ability to inhibit the growth of SCC 3193 in vitro in tryptone soya broth (TSB) at 28°C in vitro. At time 0, 10 9 colony-forming units (cfu) ml −1 overnight culture of P. parmentieri SCC3193 was diluted 1:50 in fresh TSB and spiked with bacteriophages to a final concentration of ca. 10 5 plaque forming units ml . Samples were collected each hour for 12 h and used for measuring the OD 600 . Log (cfu + 1) ml −1 was calculated at time 12 h from the OD 600 measurements and plating. For the control, a 10 9 cfu ml −1 overnight culture of P. parmentieri SCC 3193, diluted 1:50 in fresh TSB medium, incubated under the same conditions and processed in the same manner, was used. The experiment was repeated independently twice and the results were averaged. No bacterial colonies grew after incubation with phages for 24 h, as visualized after plating on TSA. b The effect was determined by measuring the diameter of rotting tissue (mm) after 72 h incubation at 28°C in a humid box. Wells in potato slices were filled with: water (negative control), 10 6 colony-forming units (cfu) ml −1 P. parmentieri positive control, or co-inoculated with 10 4 plaque-forming units (pfu) ml −1 of phage ϕA38 or ϕA41 and 10 6 cfu ml −1 of SCC 3193. Three potato slices with three wells each, derived from three different potato tubers, were used per treatment. The experiment was repeated independently and the results were averaged. Vertical lines represent standard errors
Discussion
This study was conducted to assess the presence of lytic bacteriophages infecting P. parmentieri in bulk and rhizosphere soil samples collected in different regions of Poland with the major aim to isolate new bacteriophages lytic exclusively to P. parmentieri. To the authors' knowledge, no studies have previously documented isolation and characterization of Podoviridae bacteriophages infecting Ppa.
Of all samples analyzed, only two contained lytic bacteriophages infecting specifically Ppa. This low frequency of phage isolation was comparable to that reported in previous studies in which bacteriophages were isolated from ca. 1 to 20% of screened samples depending on the season, location, environmental conditions and presence of putative hosts (Gross et al. 1991; Marsh and Wellington 1994; Miller 2001) . Moreover, also in the course of this study, enrichment of phages in host bacterial cultures was always necessary prior to isolation (Czajkowski et al. 2014 (Czajkowski et al. , 2015 .
Phages ϕA38 and ϕA41 belong to Caudovirales order and Podoviridae family assessed on their morphology as determined by the transmission electron microscopy. Furthermore, they have icosahedral heads and short tail of diameters and sizes which would classify them as C1 morphotype (Ackermann and Eisenstark 1974) of the Podoviridae family. Although different studies have shown that more than 90% of lytic bacteriophages isolated and characterized with transmission electron microscopy so far belong to the Caudovirales order (Ackermann 2003; Ackermann 1998) , only ca. 14% of tailed phages belong to the Podoviridae family (Ackermann 2001) . Up to date, only four SRE-infecting bacteriophage isolates viz. PP1 and PPWS1 infecting P. carotovorum subsp. carotovorum (Lee et al. 2012; Hirata et al. 2016 ) and Peat1 and ϕM1 infecting P. atrosepticum (Kalischuk et al. 2015; Blower et al. 2017) were classified to Podoviridae family and neither of those infects specifically P. parmentieri. This may suggest that the SRE-infecting Podoviridae bacteriophages are difficult to isolate using standard procedures and/or that the Podoviridae phages are rare in the environment (Ackermann 2011) .
Phages ϕA38 and ϕA41 were indistinguishable from each other based on their morphology and RFLP profiles; they were, however, isolated from samples collected in distinct locations of Poland. There is no straightforward explanation why phenotypically and morphologically similar bacteriophages were isolated exclusively in these two agricultural regions situated ca. 500 km from each other and not in samples collected in different agricultural zones in the country. It is possible that the phages were transferred on potato tubers originating from the same location and released to soil during planting where they found alternative (soilborne) hosts and therefore survived. However, it remains unidentified, whether the SRE-infecting bacteriophages are more frequently isolated from environments infested with the host bacteria than from the SREunpolluted locations (Czajkowski et al. 2015) .
ϕA38 and ϕA41 were persistent under different temperatures, pH and osmolarities and when incubated in the presence of chloroform, but were immediately inactivated by the UV radiation. This suggests, as expected, that Ppa bacteriophages isolated in this study share the same pattern as other bacteriophages infecting plant pathogens (Gupta et al. 1995) . Studies have demonstrated that bacteriophages are readily inactivated by exposure to sunlight and UV light, and that their populations may diminish under high temperatures, under high and low pH and under high ionic concentrations Czajkowski et al. 2015) .
Phages ϕA38 and ϕA41 were characterized for their latent periods, adsorption to SCC 3193 host cells and burst size. Both phages showed rapid adsorption (ca. 70% particles adsorbed in the first 20 min) and large burst size (more than 100 phages per infected cell), comparable with results obtained by others on Caudovirales bacteriophages (Weinbauer 2004) . Burst size is considered as one of evolutional traits, and lytic phages which have short latency and large size of the burst may spread in bacterial population faster and hence are evolutionary more successful (ChibaniChennoufi et al. 2004; Wang 2006; Abedon et al. 2001) . The optimal multiplicity of infection (MOI) for both ϕA38 and ϕA41 phages, resulting in the highest number of 'progeny' phage particles, was 0.01. This optimal MOI was further influenced by temperature with the highest number of 'progeny' phages at relatively high temperature of 22 and 28°C. Phage infection of host cells depends on the cell's physiological state, which is modulated by external factors viz. temperature (Hadas et al. 1997) . Whereas most in vitro research on phages is performed under optimal host growth temperature, in the natural environment the infection may take place under non-ideal conditions. According to du Raan et al. (2016) the optimal growth temperature for Ppa is 29°C with a range from 20 to 34°C (du Raan et al. 2016 ). This may suggest that ϕA38 and ϕA41 can efficiently infect Ppa in a variety of temperatures under which Ppa naturally persists in potato-associated environment.
In our study, ϕA38 and ϕA41 exhibited similar host range, being able to infect only several of Ppa isolates analyzed and no other SRE bacteria. Specifically, ϕA38 and ϕ41 were able to lyse six Ppa strains isolated from potato in Poland, Finland and USA obtained in years from 1987 to 2013 and one strain of Ppa isolated from soil in Poland in 2013, they were unable however to kill any other Ppa strains tested. Although, a number of factors determines resistance of a particular bacterium to phage infection (Hyman and Abedon 2010) , there is no direct explanation why ϕA38 and ϕA41 have such a narrow ability to infect different Ppa strains. Likewise, no correlation was found between parameters such as country, plant host and year of isolation and Ppa susceptibility to ϕA38 and ϕA41 infection. Both phages were isolated initially on SCC 3193 which remains a reference strain and the most studied isolate of P. parmentieri (Nykyri et al. 2012 ) buy it may not necessary be the prevalent Ppa strain in potatoassociated environment. Only limited data is available on the genetic diversity and ecology of Ppa (former Pwa) (Charkowski 2015; Pitman et al. 2010 ) and therefore more work is needed to better understand Ppa fitness under potato field conditions. Finally, in vitro and in semi-in planta (potato slice assay) proof-of-concept experiments, ϕA38 and ϕA41 were able to inhibit the growth of Ppa and to protect potato tuber tissue from maceration caused by SCC 3193. Both phages were able to significantly reduce soft rot of potato slices in comparison with those inoculated with Ppa only. Similar protection was obtained in our previous studies when lytic bacteriophages were analyzed against D. solani (Czajkowski et al. 2014 ) and where broad-host bacteriophages were evaluated against combination of several SRE bacteria (Czajkowski et al. 2015) using the same potato slice assay approach. The major concern of using bacteriophages to control plant pathogens is that the phages are restricted to certain strains of target bacterium only (Jones et al. , 2012 . As mentioned above, ϕA38 and ϕA41 exhibit very narrow host range and therefore it is doubtful whether they could be used against Ppa in field applications alone. This could be partially overcome by using phage cocktails consisting of several phages with different host specificity against different SRE pathogens. Such approach has already been successfully introduced in veterinary (Chan et al. 2013 ) and food industry (García et al. 2008) . In biological control of plant pathogens, examples of using phage cocktails include control of Erwinia amylovora (causing fire blight) , Xanthomonas campestris pv. vesicatoria (bacterial spot of tomato) (Balogh et al. 2003) and Xanthomonas axonopodis pv. citri and X. citrumelo (citrus canker, citrus bacterial spot) , and Ralstonia solanacearum (bacterial wilt) (Fujiwara et al. 2011) . Similarly, the number of characterized bacteriophages infecting soft rot Enterobacteriaceae increases (Czajkowski 2016) and therefore it should soon be possible to formulate a phage cocktail targeting all major soft rot and blackleg potato pathogens in one application.
In conclusion, these results indicate that ϕA38 and ϕA41 may be considered as candidates for P. parmentieri antagonists in biological control applications. Additional studies are however, required to assess the effectiveness and consistency of control in the field, phage population dynamics, proper timing of application and long-term ecotoxicological risks.
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